Apocarotenoids are metabolites originated by degradation of carotenes through the loss of carbon atoms placed at the side chain of their structure as consequence of oxydative reactions. We present here the first review of apocarotenoids in the fungi mucorales Phycomyces blakesleeanus, Blakeslea trispora and Mucor mucedo. This review is divided into two parts: the first one presents their structures and sources, whereas the second part is dedicated to their chemical synthesis.
Introduction
Apocarotenoids are metabolites originated by degradation of carotenes through the loss of carbon atoms placed at the side chain of their structure, as result of oxidative reactions. The large number of apocarotenoids that are found in nature is due to the considerable amount of carotenoid precursors, variations in the oxidation site at the side chain, and functional changes. Among them, Mucorales (Phycomyces blakesleeanus, Blakeslea trispora and Mucor mucedo) is one of the most interesting groups. Oxidative degradation can occur by oxidation (photo)chemistry or by means of an oxidation carried out by non-specific enzymes, including lipoxygenases and peroxidases. However, these mechanisms are not widely described at the moment [1] .
These types of apocarotenoids are classified into three groups depending on the number of carbon atoms contained into its chemical structure ( Figure 1 1. Trisporoids possessing 18 carbon atoms (C18) or 19 (C19) if they contain a methyl ester group.
2. Cyclofarnesoids, formerly denominated apotrisporoids, with 15 carbon atoms (C15).
3. Methylhexanoids with 7 carbon atoms (C7).
These three families of apocarotenoids are originated by oxidative double cleavage of β-carotene ( Figure 1) [2]. The term apotrisporoid was firstly adopted because it was believed that these compounds derived from the trisporoids by means of loss of a threecarbon fragment. Today it has been demonstrated that these compounds come directly from the selective cleavage of β-carotene. Therefore, the use of the term apotrisporoid to define the C15 apocarotenoids is not suitable and has been consequently substituted by that of cyclofarnesoid [2b] .
The group of trisporoid presents the general structure shown in Table 1 and is classified into an A-E series according to the substitution pattern at R 4 , R 5 , R 6 and R 7 [3] . Each series contains five groups according to the oxidation state of R 1 (trisporins: R 1 = CH 3 , trisporols: R 1 = CH 2 OH, trisporic acids: R 1 = COOH, and methyl trisporates and 4-dihydro-methyl trisporates: R 1 = COOMe). In all groups R 2 ,R 3 are a keto group, except in 4-dihydroderivatives where R 2 ,R 3 = H,OH. The stereochemistry of double bond  7,8 is always E, being E or Z for  9, 10 . The group of cyclofarnesoids presents the general structure shown in Table 2 . A nomenclature for cyclofarnesoids employing criteria similar to those used for the trisporoids was published in 2016 [4] . These apocarotenoids are grouped into R-U series (Table 2) according to the substitution pattern at R 2 and R 4 , and each series contains five groups according to the oxidation state of R 1 (cyclofarnesines and 4-dihydrocyclofarnesines: R 1 = CH 3 , cyclofarnesols: R 1 = CH 2 OH, cyclofarnesoic acids: R 1 = COOH and methyl cyclorfarnesates: R 1 = COOMe). In all groups R 3 is a keto group, except for 4-dihydroderivatives where R 3 = H,OH. The stereochemistry of the double bonds of the side chain is always E. When the structure of cyclofarnesoids does not respond to the general structure of these apocarotenoids the systematic name is used.
It is proposed that for biosynthesis of trisporic acids is required a cooperation between the two sexes in Blakeslea trispora [5] . Some products of one sex could be metabolized only by the opposite sex.
In the early postulated biosynthetic pathway, both sexes share the [8] of the cleavage of β-carotene into three fragments (C18, C15 and C7), it was necessary to propose a new biosynthetic pathway, in which an oxidative double cleavage of β-carotene takes place (Figure 2 ). An oxygenase, the product of gene carS, first cleaves carotene into C15 and C25 fragments [9] , and another one, the product of gene acaA, cleaves the C25 fragment into C18 and C7 fragments [9a] . This biosynthetic proposal is extensible for Blakeslea. Trisporoids act as inducers of carotenogenesis [10] as well as pheromones involved in the regulation of different stages of sexual development and stimulation of the production of zygophores in the fungi Blakeslea trispora [11] , Phycomyces blakesleeanus [12] , and Mucor mucedo [11, 13] . Among them, it should be found those are acting as signals responsible of the communication and the carotenogenesis in these fungi [10, 14] . Phycomyces and Blakeslea were considered potential sources of -carotene by some food processing and pharmaceutical industries. Tables 3-5 show trisporoids, cyclofarnesoids and methylhexonoids isolated from different cultures of Phycomyces blakesleeanus, Blakeslea trispora and Mucor mucedo, together with references and culture types where these apocarotenoids were found. The first apocarotenoid identified in mucorales was the trisporic acid C (3) ( Table 3) isolated from mated cultures of Blakeslea trispora in 1966 [10] . Methyl trisporate E(8)
Occurrence of apocarotenes

Mucor
Single (+) [12] Phycomyces Single (+) [12] Methyl trisporate C (9) Figure 3 . These dihydrocyclofarnesines are inherently unstable because their Phycomyces Mated, Single (+) and (-) [4, 21] Cyclofarnesine R (28), before apotrisporin or deoxytrisporone Blakeslea Mated, Single (+) and (-) [22] hydroxyl group on C-4, secondary and allylic, which is susceptible to undergo nucleophilic displacement reactions. In fact, the conversion of 4-dihydrocyclofarnesine S (20) into the isomers 24 and 25 was firstly proposed [16] and afterward used as the last step in the synthesis of these compounds [23] . In a similar manner, 4-dihydrocyclofarnesine T (21) could produce the heterocyclic cyclofarnesine U (16, 17) by heterocyclization. The stereoisomers of cyclofarnesine U (16, 17) result from the attack of an OH group on both prochiral faces of the olefin. The occurrence of 16 and 17 in similar amounts allows to argue against an enzyme catalysis in this case. By contrast, the conversion of 4-dihydrocyclofarnesine S (20) may be helped by an enzyme. Cyclofarnesoid 18 is formed from cyclofarnesoid II ( Figure 4 ) obtained from -apo-12-carotenal, which is originated by the double asymmetric β-carotene degradation (Figure 2 ). Reduction of the aldehyde group to a primary alcohol followed by two hydroxylation processes (probably mediated by cytochrome-P450 dependent enzymes) at C-4 and C-13 give rise to the intermediate II.
At this point, a heterocyclization process starting from primary hydroxyl at C-13 including a shift of a secondary hydroxyl at C-4 by means of a SN2' like reaction leads to III. Then a new hydroxylation at position C-3 on III gives rise to 18 [4] . This biosynthetic pathway suggests the existence of specific hydroxylating enzymes in each Mucoromicotina sp. acting at specific positions on each apocarotenoid, fact that may support the hypothesis of the existence of different sexual signals for each species. 
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Chemical syntheses of apocarotenoids
Synthesis of trisporoids:
The development of methodologies for the synthesis of trisporoids was mainly due to the need of confirming their structures and/or stereochemistry.
The total synthesis of trisporoids has been achieved through the use of different strategies. Most of them begin with preparation of cyclohexene ring from the corresponding acyclic precursor, followed by chain extension through coupling reaction, generally Wittig olefination. In others cases, it was carried out the appropriate functionalization of the carbon chain in the initial steps, to proceed to cyclization to the six-membered ring in later steps.
Synthesis of trisporic acids:
The synthesis of (9E)-trisporic acid B (4b) was carried out from the tetronic acid 30 [24] in six steps. The key steps are the Michael addition to ethyl vinyl ketone and condensation of the diketone 31, afforded 32 (Scheme 1). 
Scheme 1 Reagents and conditions: (a). Ethyl vinyl ketone, Et
Synthesis of methyl trisporate: Methyl 4-dihydrotrisporate C (6a)
was prepared by semisynthesis from trisporic acid C (3a) (Scheme 2) [25] . The synthesis of (±)-(7E,9E)-trisporic acid B methyl ester (10b) was carried out via sequential coupling of a C8 (synthon 40) and two C5 units through Wittig and Michael condensations to yield the appropriately functionalized linear C18 triketone (44) which is cyclized to 10b by the action of a base (Scheme 3) [26] . Isoe et al. [27] have developed a brief and efficient synthesis of methyl 9Z-and 9E-trisporate B (10a and 10b) and methyl 9Z-trisporate C (9a) from the unsaturated ester 45 in five and six steps, respectively, being the key step the aldol condensation from 48 to 49 (Scheme 4). The last step for the preparation of 10a and 10b is a Wittig reaction between the diketo ester 50 and the ylide of 51 which furnished a (3:1) mixture 10a and 10b in quantitative yield. The mixture 10a and 10b was separated by preparative t.1.c. and v.p.c. Chemoselective reduction of pure methyl 9Z-trisporate B (10a) with sodium borohydride at -5 ºC yielded diastereomeric mixture ofmethyl 9Z-trisporate C (9a). Another preparation of 10b has been carried out by means of a converging total synthesis implying Wittig reaction between the aldhehyde 55 and the phosphonium salt 36 (Scheme 5) [28] . The aldehyde 55 was obtained by a Michael-aldol sequence from the pyruvaldehyde dimethyl acetal (52). The synthesis of methyl (7E,9Z)-4-dihydrotrisporate B (7a) [29] was carried out starting from lactol 34, via its sodium carboxylate
(Scheme 6) in four steps. A Wittig reaction afforded the ketoacid 58Z, together with less than 20% of its E isomer. Reduction of ketoesters 59 followed by chromatographic purification led to hydroxyester 60, along with a small amount of its E isomer.
The enantioselective synthesis of methyl (+)-trisporate B (10a) [30] was accomplished to establish the absolute configuration of C-1. As the stereochemistry of 10a has been shown to be 1S, the WielandMiescher ketone 62, possessing the (S)-configuration required at C8a, was chosen (Scheme 7). The chiral ketone 62 has already been synthesized from the triketone 61, whose treatment with Lphenylalanine and d-CSA in DMF gave the (+)-enedione 62 (94% e.e). The key step in this synthesis was the preparation of 65 from acyloin 64. This acyloin was transformed into the ester 65 in three steps (oxidation with Pb(OAc) 4 , formation of phenylselenide with PhSeCl and oxidation with H 2 O 2 ). The second oxidation exclusively afforded the (E)-olefin. This ester was transformed into 10 in three steps (selective hydrolysis of benzoyloxy group, oxidation with MnO 2 and regioselective Wittig reaction). The Wittig reaction gave a mixture of trisporate acetals (9Z:9E= 3:1), which was separated by preparative TLC. Acidic treatment of each acetal afforded (+)-(7E,9Z)-methy1 trisporate B (10a) and its (9E) isomer (10b). From the above synthetic work, the 1S configuration of 10 was established. A formal total synthesis of enantiomerically pure methyl trisporate B (10a) was reported using as intermediate the ketoester 70 [31] . Preparation of enantiomerically pure 70 has been realized from 66, via β-ketoester 67 (Scheme 8). To obtain optically pure β-ketoester 67, the racemate 67 was resolved by a pig liver esterase-catalyzed saponification reaction. The key step of this synthesis was the PDCcatalyzed rearrangement to (+)-70 (91% yield). 
Synthesis of trisporols:
The chemical synthesis of trisporol B (12) [24] has been carried out from the dianion 30a of -methyltetronic acid (30) (Scheme 9) in nine steps. The key steps of this synthesis were the formation of the -substituted tetronic acid 72 as the sole alkylation product, and the aldol condensation of 73 that led to cyclohexene derivative 74.
Synthesis of trisporols A (87) and B (12) was developed following a similar strategy (Scheme 10) [32] in eleven steps. The γ-alkylation of 30 with the corresponding chloride 80, followed by Robinson annelation with ethyl vinyl ketone led to the corresponding diketones 73 and 81. These diketones after aldol condensation, and other conventional transformations gave 12 and 87.
Scheme 9 Reagents and conditions: (a). i. NaH, THF-HMPA (1:1 A short step synthesis of trisporol B (12) based on a palladiumcatalyzed cross-coupling, and the haloboration-conjugate addition reaction has been properly carried out [33] . The palladiumcatalyzed cross-coupling reaction was accomplished between (E)-1-alkadienylborane 96 and (Z)-1-alkenyl iodide 95 (Scheme 11). The dienylborane 96 was prepared in five steps from 88 (methylation, benzyloxymethylation, Michael addition/hydrolysis/desilylation, protection and hydroboration), whereas iodide 95 was obtained from propyne in three step (iodine-boration, Michael-like addition and protection). The iodine-boration reaction proceeds highly regioand stereoseletively to give the syn-adduct in quantitative yield. Preparation of (±)-trisporol B (12) was reported via (±)-6-hydroxymethyl-2,6-dimethyl-2-cyclohexen-1-one (102) (Scheme 12) [34] . This synthon was synthetized from 99 in four steps (Robinson annelation, cyclization, reduction and oxidation). The reduction gave a 3:1 mixture of the two stereoisomeric diols almost quantitatively. This mixture was separated by recrystallization from benzene. The ketone 102 was transformed in 12a and 12b by hydroxyl protection, condensation with the lithium derivative 103, and other seven steps including a Wittig olefination.
Chiral lactames has been used in an attempt to develop a general enantioselective route to trisporic acids (Scheme 13) [35] . The strategy is based on the use of hydroxylactam 106. This lactam was protected and then acylated to give a 1:1 mixture of diastereomers. Removal of the TBS group, followed by C-methylation yielded the lactame 107 as a single diastereomer. This lactame was transformed in the ketoaldehyde 110 in five steps (protection, reduction (LiBH 4 ), O-methylation, reduction again (Red-Al ® ) and hydrolysis). Trisporol 12 was obtained from 110 by addition of lithio acetylide 111 in presence of CeCl 3 , oxidation, aldol cyclization, Suzuki coupling catalyzed by Pd [36] between 113 and lithio derivative 114, partial hydrogenation of triple bond and deprotection. This trisporol obtained showed 1R configuration, which is opposite to that of the natural system (1S). However, reversing the order of addition to 106 would lead to the natural.
Synthesis of trisporins:
The synthesis of trisporins A (118), B (14) and C (13) and their 4-hydroxy derivatives 119-121 has been carried out from acetoxy--ionone (115) (Scheme 14) [3] in three or two steps, respectively. The key step of these syntheses was the Pd(0)-catalyzed cross-coupling between the corresponding organozincate and the corresponding bromo derivative. A cross-metathesis approach has been used for the preparation of trisporins A, B and C and their corresponding 4-deoxy derivatives (Scheme 15) [37] . Synthones having diene side chain (122-124) were prepared from -and -ionone in one or two steps. Side chain precursors are commercial (125, 126) or easily accessible by standard procedures (127). The cross-metathesis coupling between both synthons was carried out using Grubbs second generation catalyst (128). The corresponding coupling product was obtained in excellent yield as a 2.7:1 mixture of E:Z stereoisomers, except for those having a carbonyl group at C-4, especially when it was conjugated with the triene system, whose yields were significantly lower.
Scheme 14 Reagents and conditions: (a). i (BrCH
Synthesis of other C18 apocarotenoids:
The synthesis of -apo-13-carotenone (15) has been carried out from -ionone in two steps, Wittig olefination and Pd(0)-coupling (Scheme 16) [3] . 
Synthesis of cyclofarnesoids:
Preparation of cyclofarnesine R (28) was accomplished from the acyclic sulphone 130 (Scheme 17) [38] in eight steps (electrophilic cyclization, allylic oxidation with SeO 2 , C-alkylation, desulfonation, reduction, regioselective acylation, oxidation and hydrolysis). The desulfonation step yielded only (7E)-olefin 133. In 1984, another synthesis of 28 was carried out from isobutene (134) and methyl 2,4-dioxohexanoate (135) in ten steps (Scheme 18). The first step was a regioselective 2+2 phothocycloaddition. This phothocycloaddition gave a single 1:1 adduct 136 after a retroaldol opening of the unstable hydroxycyclobutane formed [39] . Cyclofarnesine R (28) and 3-hydroxycyclofarnesine R (152) were prepared from allyl bromide 143 (Scheme 19) [40] in eleven or twelve steps, respectively. Cyclofarnesine R (28) was transformed in 152 by treatment with LDA and (+)-(2R,8aS)- (8,8-dichlorocamphoryl) sulfonyl oxaziridine (151); no chiral reduction was observed due to the highly basic conditions and the relatively high temperature needed during reaction processes to obtain the anion of 28. Preparation of -apo-12-carotenol (171) [4] was carried out from β-ionone in three steps (HWE olefination, reduction and reduction again) (Scheme 22). The mixture of E:Z isomers was separated by silica gel chromatography. 
Synthesis of methylhexanoids:
Synthesis of C13 apocarotenoid:
The methyl ester of apocarotenoid 29 was prepared by semisynthesis from methyl trisporate C (9) (Scheme 24) [2a] in two steps. The reaction of 9 with MCPBA produced the regioselective epoxydation of the  9,10 double bond. The treatment of the crude product with periodic acid produced the methyl ester of 29. 
